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tions of this great association to see to it 
that full advantage is taken of the opportunity 
offered by the present evolutionary stage of 
research and public esteem. "We must choose 
between inertia and some display of aggressive 
energy. 

John M. Coulter 
University op Chicago 



TIME, SPACE, AND GRAVITATION 1 

Aftek the lamentable breach in the former 
international relations existing among men of 
science, it is with joy and gratefulness that I 
accept this opportunity of communication with 
English astronomers and physicists. It was in 
accordance with the high and proud tradition 
of English science that English scientific men 
should have given their time and labor, and 
that English institutions should have provided 
the material means, to test a theory that had 
been completed and published in the country 
of their enemies in the midst of war. Al- 
though investigation of the influence of the 
solar gravitational field on rays of light is a 
purely objective matter, I am none the less 
very glad to express my personal thanks to my 
English colleagues in this branch of science; 
for without their aid I should not have ob- 
tained proof of the most vital deduction from 
my theory. 

There are several kinds of theory in physics. 
Most of them are constructive. These attempt 
to build a picture of complex phenomena out 
of some relatively simple proposition. The 
kinetic theory of gases, for instance, attempts 
to refer to molecular movement the mechan- 
ical thermal, and diffusional properties of 
gases. When we say that we understand a 
group of natural phenomena, we mean that we 
have found a constructive theory which em- 
braces them. 

THEORIES OF PRINCIPLE 

But in addition to this most weighty group 
of theories, there is another group consisting 
of what I call theories of principle. These 
employ the analytic, not the synthetic method. 
Their starting-point and foundation are not 

i From the London Times. 



hypothetical constituents, but empirically ob- 
served general properties of phenomena, prin- 
ciples from which mathematical formulae are 
deduced of such a kind that they apply to 
every case which presents itself. Thermody- 
namics, for instance, starting from the fact 
that perpetual motion never occurs in ordi- 
nary experience, attempts to deduce from this, 
by analytic processes, a theory which will 
apply in every case. The merit of construc- 
tive theories is their comprehensiveness, adapt- 
ability, and clarity, that of the theories of 
principle, their logical perfection, and the 
security of their foundation. 

The theory of relativity is a theory of prin- 
ciple. To understand it, the principles on 
which it rests must be grasped. But before 
stating these it is necessary to point out that 
the theory of relativity is like a house with 
two separate stories, the special relativity 
theory and the general theory of relativity. 

Since the time of the ancient Greeks it has 
been well known that in describing the motion 
of a body we must refer to another body. 
The motion of a railway train is described 
with reference to the ground, of a planet with 
reference to the total assemblage of visible 
fixed stars. In physics the bodies to which 
motions are spatially referred are termed sys- 
tems of coordinates. The laws of mechanics 
of Galileo and Newton can be formulated only 
by using a system of coordinates. 

The state of motion of a system of co- 
ordinates can not be chosen arbitrarily if the 
laws of mechanics are to hold good (it must 
be free from twisting and from acceleration). 
The system of coordinates employed in 
mechanics is called an inertia-system. The 
state of motion of an inertia-system, so far as 
mechanics are concerned, is not restricted by 
nature to one condition. The condition in 
the following proposition suffices: a system of 
coordinates moving in the same direction and 
at the same rate as a system of inertia is itself 
a system of inertia. The special relativity 
theory is therefore the application of the fol- 
lowing proposition to any natural process: 
" Every law of nature which holds good with 
respect to a coordinate system K must also 
hold good for any other system K' provided 
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that K and K' are in. uniform movement of 
translation." 

The second principle on which the special 
relativity theory rests is that of the constancy 
of the velocity of light in a vacuum. Light 
in a vacuum has a definite and constant 
velocity, independent of the velocity of its 
source. Physicists owe their confidence in 
this proposition to the Maxwell-Lorentz theory 
of electro-dynamics. 

The two principles which I have mentioned 
have received strong experimental confirma- 
tion, but do not seem to be logically com- 
patible. The special relativity theory achieved 
their logical reconciliation by making a 
change in kinematics, that is to say, in the 
doctrine of the physical laws of space and 
time. It became evident that a statement of 
the coincidence of two events could have a 
meaning only in connection with a system of 
coordinates, that the mass of bodies and the 
rate of movement of clocks must depend on 
their state of motion with regard to the 
coordinates. 

THE OLDER PHYSICS 

But the older physics, including the laws of 
motion of Galileo and Newton, clashed with 
the relativistic kinematics that I have indi- 
cated. The latter gave origin to certain gen- 
eralized mathematical conditions with which 
the laws of nature would have to conform if 
the two fundamental principles were com- 
patible. Physics had to be modified. -The 
most notable change was a new law of motion 
for (very rapidly) moving mass-points, and 
this soon came to be verified in the case of 
electrically-laden particles. The most im- 
portant result of the special relativity system 
concerned the inert mass of a material 
system. It became evident that the inertia 
of such a system must depend on its energy- 
content, so that we were driven to the con- 
ception that inert mass was nothing else than 
latent energy. The doctrine of the conserva- 
tion of mass lost its independence and became 
merged in the doctrine of conservation of 
energy. 

The special relativity theory which was 
simply a systematic extension of the electro- 



dynamics of Maxwell and Lorentz, had conse- 
quences which reached beyond itself. Must 
the independence of physical laws with regard 
to a system of coordinates be limited to sys- 
tems of coordinates in uniform movement of 
translation with regard to one another? What 
has nature to do with the coordinate systems 
that we propose and with their motions ? Al- 
though it may be necessary for our descrip- 
tions of nature to employ systems of coordi- 
nates that we have selected arbitrarily, the 
choice should not be limited in any way so far 
as their state of motion is concerned. (Gen- 
eral theory of relativity.) The application of 
this general theory of relativity was found to 
be in conflict with a well-known experiment, 
according to which it appeared that the 
weight and the inertia of a body depended on 
the same constants (identity of inert and 
heavy masses). Consider the case of a system 
of coordinates which is conceived as being in 
stable rotation relative to a system of inertia 
in the Newtonian sense. The forces which, 
relatively to this system, are centrifugal must, 
in the Newtonian sense, be attributed to in- 
ertia. But these centrifugal forces are, like 
gravitation, proportional to the mass of the 
bodies. It is not, then, possible to regard the 
system of coordinates as at rest, and the 
centrifugal forces of gravitational? The in- 
terpretation seemed obvious, but classical 
mechanics forbade it. 

This slight sketch indicates how a general- 
ized theory of relativity must include the laws 
of gravitation, and actual pursuit of the con- 
ception has justified the hopa But the way 
was harder than was expected, because it con- 
tradicted Euclidian geometry. In other words, 
the laws according to which material bodies 
are arranged in space do not exactly agree 
with the laws of space prescribed by the 
Euclidian geometry of solids. This is what is 
meant by the phrase " a warp in space." The 
fundamental concepts "straight," "plane," 
etc., accordingly lose their exact meaning in 
physics. 

In the generalized theory of relativity, the 
doctrine of space and time, kinematics, is no 
longer one of the absolute foundations of gen- 
eral physics. The geometrical states of bodies 
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and the rates of clocks depend in the first 
place on their gravitational fields, which again 
are produced by the material systems con- 
cerned. 

Thus the new theory of gravitation diverges 
widely from that of Newton with respect to 
its basal principle. But in practical applica- 
tion the two agree so closely that it has been 
difficult to find cases in which the actual 
differences could be subjected to observation. 
As yet only the following have been sug- 
gested: 

1. The distortion of the oval orbits of 
planets round the sun (confirmed in the case 
of the planet Mercury). 

2. The deviation of light-rays in a gravita- 
tional field (confirmed by the English Solar 
Eclipse expedition). 

3. The shifting of spectral lines towards 
the red end of the spectrum in the case of 
light coming to us from stars of appreciable 
mass (not yet confirmed). 

The great attraction of the theory is its 
logical consistency. If any deduction from 
it should prove untenable, it must be given up. 
A modification of it seems impossible with- 
out destruction of the whole. 

No one must think that Newton's great 
creation can be overthrown in any real sense 
by this or by any other theory. His clear and 
wide ideas will for ever retain their signifi- 
cance as the foundation on which our modern 
conceptions of physics have been built. 

Albert Einstein 



SCIENTIFIC EVENTS 

THE ANNUAL REPORT OF THE DIRECTOR OF 
THE BUREAU OF STANDARDS 

A eeview of the work of the National Bu- 
reau of Standards for the year ending June 
30, 1919, is given in the alumni report of the 
director of the Bureau of Standards at "Wash- 
ington. The report describes the functions of 
the bureau in connection with standards and 
standardization, and contains a chart and 
description of the several classes of standards 
dealt with. The director also gives a clear 
idea of the relation of the bureau's work to 
the general public, to the industries, and to the 
government, and includes a special statement 



of the military work of the year. Brief state- 
ments are made upon practically all of the 
special researches and lines of testing com- 
pleted or under way at the bureau. The list 
of these topics occupies 12 pages in the table 
of contents. 

The bureau is organized in 64 scientific and 
technical sections and 20 clerical, construction 
and operative sections. During the year the 
bureau has issued 51 publications, not inclu- 
ding reprintings, 36 of which were new and 15 
revisions of previous publications. In the 
several laboratories of the Bureau more than 
131,000 tests were made during the year. 
The appropriations for the year, including 
special funds for war investigations, were ap- 
proximately $3,000,000. A noteworthy event 
of the year included the completion of the 
industrial laboratory in which will be' housed 
the divisions having to do with researches and 
tests of structural materials. The building 
also includes a commodious kiln house for 
use, among other purposes, of the ceramics 
division in the experimental production of new 
clay products and for general experimental 
purposes. 

The report comprises 293 pages and may be 
obtained as long as free copies are available 
by addressing the Bureau of Standards, Wash- 
ington, D. C. 

NEEDS OF THE COAST AND GEODETIC SURVEY 

Declaring that the work of the United 
States Coast and Geodetic Survey, which pro- 
vides the navigating charts which are the 
direct means of protecting from loss the 
vessels of our navy, Coast Guard, and mer- 
chant marine, is seriously hampered by lack 
of funds, the superintendent of the survey 
makes an appeal for an adequate appropria- 
tion to remedy this situation, in his annual 
report to the secretary of commerce. 

In order to make and put these naviga- 
tional charts into the hands of all who de- 
mand them both the field and office forces 
must be kept up to the highest standards of 
efficiency, and this can not be done without 
sufficient funds to maintain and operate 
modern surveying vessels and obtain able 
officers and crews to man them. In addition 



